in patients with response to therapy resulting in a smaller area under the curve of days 1-3 (AUC) than in those with progressive disease (p = 0.028). The other parameters did not indicate the response to therapy at the initial treatment phase. In conclusion, the course of nucleosomes (AUC) might be valuable for the early prediction of therapy response in preoperatively treated colorectal cancer patients.
are phagocytized by neighboring cells and macrophages.
In case of enhanced cell death, such as during radio-and chemotherapy, nucleosomes are also released into circulation [6, 7] , and are detected in elevated concentrations in serum and plasma.
Circulating nucleosomes can be quantifi ed directly by ELISA techniques [8] . Previous investigations showed low levels of nucleosomes in the serum of healthy individuals [9] . In patients with various malignant tumors high amounts of nucleosomes appear spontaneously and under chemo-and radiotherapy [10, 11] . Elevated nucleosome levels are also observed in benign pathological conditions like infections [12] , autoimmune diseases [13, 14] , graft-versus-host reactions [15] , trauma [16] , stroke [17, 18] , and exhaustive exercise [19] .
As the course of nucleosomes correlated with the response to radiotherapy and chemotherapy in patients with various cancers, they showed potential for the monitoring of systemic therapies [12, 20] . Additionally recent results have revealed that the initial course of nucleosomes during radiochemotherapy was a signifi cant indicator for the time to progression in patients with pancreatic cancer [21] . Further in patients with advanced lung cancer, nucleosomes were able to predict the response to chemotherapy already after the fi rst application independently from clinical factors and CYFRA 21-1 [22] .
As in the present study on patients with colorectal cancer radiochemotherapy was applied in some patients after surgical resection of the primary tumor, in others preoperatively to reduce tumor volume before resection, and in others who suffered from local tumor relapse, we fi rst investigated whether the quantity of the marker release was associated with the presence of tumor burden during therapy. Further, we asked whether the courses of nucleosomes and of other tumor-associated antigens during the initial phase of radiochemotherapy are able to predict the therapy response in colorectal cancer patients early.
Patients and Methods

Patients
In total, 25 patients with colorectal cancer were included in this study. All patients were treated with a combined radio-and chemotherapy. Among them were 4 with postoperative therapy after complete resection of tumor, 13 with preoperative therapy, and 8 with local relapse therapy. All patients were investigated pretherapeutically by coloscopy, biopsy, and computed whole-body tomography. Pathological grading was established in 23 patients, with 19 patients having a moderate and 4 a poor differentiation grade. All but 1 patient had adenocarcinoma. Involvement of lymph nodes was proven in 1 patient of the postoperative group, while 3 patients were free of malignant lymph nodes. Seven patients of the preoperative and relapse group were classifi ed as nodal negatives, 13 as nodal positives ( table 1 ) .
Treatment planning and fi eld positioning were performed individually by 3D calculation (HELAX) and CT scans. Radiation was delivered in a three-or four-fi eld technique using a linear accelerator with a photon beam of more than 10 MV. The treated volume included the macroscopic tumor with a safety margin of 2-3 cm, the perirectal and internal iliac lymph nodes. The anus was only irradiated in case of malignant infi ltration of the anal canal. A single dose of 1.8 Gy was applied on 5 days a week. Postoperatively ). Blood was taken before the start of therapy, 6 h after the fi rst radiation, daily during the fi rst week, once weekly during the following weeks and at the end of radiochemotherapy.
In patients treated preoperatively, staging was done before the start of radiochemotherapy, in most cases by computed whole-body tomography. Response to therapy was determined by postsurgery pathological staging within 2 months after the end of therapy. In our evaluation, all patients having a downstaging of the tumor or alternatively 'stable disease' were considered as 'no progression'. They were compared with patients suffering from progressive disease.
The study was approved by the local ethics committee. Before inclusion in the study, written informed consent was given by all patients.
Methods
Nucleosome concentrations were determined in serum samples. Within 1-2 h after venipuncture the blood samples were centrifuged at 3,000 g for 15 min. Subsequently, 10 m M EDTA was added as stabilizer and the serum samples were stored at -70 ° C. Prior to the measurement of nucleosomes, samples were thawed, homogenized and diluted 1: 4 with an incubation buffer.
For the quantifi cation of nucleosomes concentrations in serum the Cell Death Detection ELISA plus (Roche Diagnostics) was used. In this assay, two monoclonal mouse antibodies directed against histones and DNA catch the nucleosomes specifi cally. The antihistone antibody binds to the microtiter plate, whereas the anti-DNA antibody, which is labeled with peroxidase, reacts with 2,2-azino-di(3-ethylbenzthiazolin-sulfonate). The amount of nucleosomes captured by the antibodies is proportional to the resulting color development and enables the photometrical quantifi cation.
The tumor-associated antigens CEA, CA 19-9 and CYFRA 21-1 were determined in all samples by Elecsys 2010, Roche Diagnostics, Germany.
Statistics
For our evaluation we considered the pretherapeutic concentrations, the levels of day 1 (6 h after the fi rst application of the therapy), day 2 and day 3 of all parameters. The values during the initial phase of therapy were summarized by the area under the curve of days 1-3 (AUC) which includes the concentrations before (day 1, 0 h), 6 h (day 1, 6 h), 24 h (day 2), and 48 h (day 3) after the start of therapy, divided by the number of days. Generally, results are presented as medians and ranges.
An overall analysis of variance was performed to test the general dependency of logarithmical concentrations of nucleosomes, CEA, CA 19-9 and CYFRA 21-1 on the treatment group (postoperative, preoperative and relapse therapy) and on time [before (day 1, 0 h) and after (day 1, 6 h to day 3) start of radiochemotherapy].
This was done using the SAS procedure MIXED, which can take into account dependencies of repeated values of the same patient. In addition, adjusted p values were calculated according to the number of comparisons between the three treatment groups.
In the same way marker concentrations in patients with preoperative radiochemotherapy having 'no progression' and 'progression' of disease were compared. Additionally the Wilcoxon test was used to compare the AUC between both groups. The comparison of patients with progression and without progression is shown as dot plots.
A p value ! 0.05 was considered statistically signifi cant. All calculations were performed by software of SAS (version 8.2, SAS Institute, Cary, N.C., USA).
Results
Generally, most of the patients showed a temporary decrease of the nucleosome concentration 6 h after the fi rst irradiation followed by a considerable and rapid increase with a maximum during the following days. Subsequently, the levels declined again. All patients receiving postoperative radiochemotherapy after complete resection of the primary tumor released only low levels of nucleosomes before and during the time of radiochemotherapy. The initial peak mostly was only little pronounced ( fi g. 1 a). Patients receiving preoperative therapy showed considerably higher nucleosome levels and higher initial peaks during radiochemotherapy compared to postoperatively treated patients. Within the preoperative group, those with response to therapy had lower nucleosome concentrations than those with progressive disease ( fi g. 1 b, c).
Between patients receiving postoperative therapy and those with preoperative and relapse therapy, signifi cant differences were observed concerning nucleosomes and other tumor-associated antigens. When the primary tumor was removed before radiochemotherapy, the marker concentrations were notably lower than in the presence of tumor burden, particularly for nucleosomes and also for CEA and CYFRA 21-1. Additionally, the levels of the tumor-associated antigens CEA, CA 19-9 and CYFRA 21-1 were further enhanced in patients who suffered from tumor relapse compared to those with a primary tumor. The detailed results are summarized in table 2 .
In patients with primary advanced colorectal cancer, preoperative radiochemotherapy was applied to reduce the tumor volume. Concerning the change of tumor stage according to the UICC classifi cation at the time of the preoperative restaging investigation, 4 patients showed remission, 5 patients had stable disease and 4 patients suffered from progression. When combining patients with remission and stable disease in the group of 'no progression', they had a signifi cantly (p = 0.028) smaller AUC compared to those with progressive disease ( fi g. 2 ). The biological markers CEA, CA 19-9 and CYFRA 21-1 could not discriminate between the nonprogressive and the progressive group ( table 3 ) . 
Discussion
Multimodal therapy strategies have shown to increase the treatment effi cacy in many cancer types, such as colorectal cancer. In the preoperative as well as in the postoperative setting, radio-and chemotherapy often are combined because they attack cancer cells at different levels. As the combined application of both modalities is associated with enhanced toxicity, predictive and prognostic markers are required to indicate early whether the treatment applied will be successful or whether it should be changed.
As apoptosis is one of the main mechanisms leading to the demise of cancer cells, blood markers refl ecting the apoptotic process and also tumor-associated antigens might be well suited for this purpose. Typical cell death products are circulating nucleosomal DNA fragments which are created after endonucleatic cleavage of the chromatin and subsequent release by dying cells. Recent work has shown that the course of nucleosomes correlated with the response to radiotherapy and chemotherapy in patients with various cancers [12, 20] . Additionally, the initial course of nucleosomes during radiochemotherapy was a signifi cant indicator for the time to progression in patients with pancreatic cancer [21] . Further in patients with advanced lung cancer during chemotherapy, nucleosomes were able to predict the response to therapy early already after the fi rst application [22] .
Here we investigated the course of nucleosomes and of other tumor-associated antigens in colorectal cancer patients during the initial phase of radiochemotherapy asking whether they are able to predict the response to therapy early. As radiochemotherapy was applied in some patients preoperatively to reduce tumor volume before resection, in others who suffer from local tumor relapse, and fi nally in others still after surgical resection of the primary tumor, it was further analyzed whether the quantity of the marker release was associated with the presence of tumor burden during therapy.
Corresponding with earlier fi ndings in pancreatic cancer patients [21] , we also observed in most of the patients with colorectal cancer a temporary decrease of the nucleosome concentration 6 h after the fi rst irradiation followed by a rapid increase and a subsequent decline. It is known that already the fi rst irradiation damages DNA effectively by single and double DNA strand breaks, and further by changes of the ionic setting, production of free radicals and other reactive products [23] . As described by Shi- nomiya [24] , high irradiation doses predominately cause irreparable DNA damage and induce early, premitotic apoptosis, whereas low doses cause less severe DNA damage which, in consequence, does not lead to acute cell death. Instead, cells are arrested in their cell cycles to enable the repair of the damaged DNA. In case of insufficient or impaired repair mechanisms, cells will undergo delayed, postmitotic apoptosis [25, 26] . This might explain the temporary decrease immediately after therapeutic irradiation with 1.8 Gy per fraction and the delayed maximum after 1-3 days of the appearance of apoptotic products in circulation, which is in line with earlier in vitro fi ndings, too [27] .
The nucleosome values in postoperatively treated patients were signifi cantly lower compared with patients still having tumor masses and receiving preoperative or relapse therapy. During postoperative radiochemotherapy, nucleosome levels increased only slightly after the start of treatment and remained at low levels during the whole follow-up time. On the one hand, this observation was surprising as we expected a considerable number of 'normal cells' being damaged by the therapy applied. On the other hand, it was in concordance with recent in vitro fi ndings which showed a signifi cantly higher release of nucleosomal DNA fragments after irradiation of lung cancer cells than of 'normal' bronchoepithelial cells, particularly at low doses [28] .
Concerning the tumor-associated antigens CEA and CYFRA 21-1, of which the latter has also been described as an apoptotic marker [29] , the levels during postoperative therapy were notably lower than in the presence of tumor burden, too. Additionally, the concentrations of CEA, CA 19-9 and CYFRA 21-1 were further enhanced in patients with tumor relapse compared to those with primary tumors. As in recurrent disease cancer cells often have spread beyond the organ frontiers via venous, arterial or lymphatic ways, the higher levels of cancer antigens shed from these cells are well comprehensible. Unlike in our present results, nucleosome levels in postoperative and primary-treated pancreatic cancer patients were earlier found to be comparable. However, this was due to an incomplete resection with remaining tumor burden in all pancreatic cancer patients undergoing surgery [21] .
The potential for the early prediction of therapy response by apoptotic markers and tumor-associated antigens was investigated in patients who were treated preoperatively to reduce tumor volume before resection. During this time 9 patients had at least stable disease whereas 4 suffered from progressive disease. The concentrations of nucleosomes were lower in patients with 'no progression' than in those with progression. Even if for single days, the difference was only borderline signifi cant (p = 0.052), it became more evident when these values were integrated in the AUC (p = 0.028). Our observations are consistent with earlier fi ndings in pancreatic cancer patients when a small AUC predicted a longer progression-free interval [21] . A tendency of higher values in the nonresponsive group was also valid for the tumor-associated antigens CEA, CA 19-9 and CYFRA 21-1; however, they could not discriminate between the nonprogressive and progressive group. As CEA and CA 19-9 have a considerably longer half-life in circulation (2-8 days), fast changes of their concentrations in serum were not expected. In contrast, nucleosomal DNA fragments, which after the occurrence of cell death are more quickly released into and eliminated from circulation [13, 30] , are supposed to refl ect more accurately the quantity of dying cells at a certain time point. Thus, patients with smaller or less aggressive tumors, which are linked with lower cell death rates, less pronounced release of nucleosomal DNA into circulation, and/or more effective systems to eliminate apoptotic products from circulation, seem to be associated with a better outcome after radiochemotherapy.
In conclusion, the course of nucleosomes during the initial phase of radiochemotherapy, refl ected by the AUC, has turned out to be a valuable marker for the early estimation of the response to therapy already in this limited set of colorectal cancer patients. Further prospective studies are warranted to validate these fi ndings.
